This experimental study investigated the utility of a pitch-based carbon fiber-mortar composite, which could replace polyacrylonitrile carbon fiber, as a thin overlay for concrete pavement. The objective was to explore the utility of the low-cost carbon fiber, which was produced via a melt-blown method, i.e., blowing at high pressure after melting the pitch residue following crude oil purification. The mechanical properties, durability, and thermal properties of the pitch-based carbon fiber were explored to maximize strength, durability, functionality, and economy by using micro-sized fibers that are closer in size to the constituents of cementitious materials. Melt-blown pitch-based carbon fiber has low individual fiber strength but generally excellent thermal conductivity. Thermal conductivity tests were conducted on mortar panels (560 mm × 560 mm; thickness = 25, 40 or 60 mm) containing 0, 0.4, 0.5 or 0.6 wt % pitch-based carbon fiber. The absolute thermal conductivity tended to improve with higher wt % of pitch-based carbon fiber, in the range of 9~11 W/ • C. However, thermal conductivity tended to be lower under the 0.6 wt % condition, possibly due to the effect of dispersion. Compressive strength degradation was tested over 350 cycles of freezing and thawing: the strength of the 0.4, 0.5 or 0.6 wt % samples was 91, 89, and 82%, respectively, relative to the control specimen (0 wt %). Thus, all specimens had a compressive strength of 80% or more after 350 cycles compared to the control specimen. To test the adhesion performance for new thin overlays and old concrete surfaces, concrete cylinders (100 × 200 mm; thickness = 10 mm) were cut at an angle of 46 degrees, and the pitch-based carbon fiber-mortar composite was used to bond the various sections. The bond strength of the test specimens was more than twice that of the reference specimen.
Materials and Methods
Mortar panels (560 × 560 mm; thickness = 25, 40 or 60 mm) containing pitch-based carbon fiber were fabricated for thermal conductivity tests, as illustrated in Figure 1a . In total, 12 mortar panel specimens were cast to investigate the thermal performance of pitch-based carbon fiber-mortar composites. The heating cable had a diameter of 7 mm, a single multi-conductor, polytetrafluoroethylene (PTFE) insulation, and additional outer layers (reinforced insulation layer, tinned copper braid, and outer jacket). The capacity of the cable was 35 W/m at 10 • C in air, for nominal power output; the maximum temperature was 85 • C (at 20 • C in the air). As shown in Figure 1a ,c, 4 m of heating cable was arranged in a zigzag pattern with lateral spacing of 100 mm, and eight thermocouples were embedded or glued before and after casting the mortar panels. The heat at the heat source, bottom center of the heating cable, and the top surface (at five locations), as well as the ambient temperature, were measured to obtain time-dependent heat information, as illustrated in Figure 1 . A data logger (Agilent Technologies, Santa Clara, CA, USA), current regulator, power meter, and timer were synchronized to acquire temperature, voltage, and resistance data for the test specimens and cable, as shown in Figure 1b . An infrared camera was used to capture the temperature contour on the top surface of the specimens, as shown in Figure 1d . The pitch-based carbon fiber manufactured by the melt-blown process used in this study is shown in Figure 1e . Table 1 lists the basic properties of this pitch-based carbon fiber. 
Mortar panels (560 × 560 mm; thickness = 25, 40 or 60 mm) containing pitch-based carbon fiber were fabricated for thermal conductivity tests, as illustrated in Figure 1a . In total, 12 mortar panel specimens were cast to investigate the thermal performance of pitch-based carbon fiber-mortar composites. The heating cable had a diameter of 7 mm, a single multi-conductor, polytetrafluoroethylene (PTFE) insulation, and additional outer layers (reinforced insulation layer, tinned copper braid, and outer jacket). The capacity of the cable was 35 W/m at 10 °C in air, for nominal power output; the maximum temperature was 85 °C (at 20 °C in the air). As shown in Figure  1a ,c, 4 m of heating cable was arranged in a zigzag pattern with lateral spacing of 100 mm, and eight thermocouples were embedded or glued before and after casting the mortar panels. The heat at the heat source, bottom center of the heating cable, and the top surface (at five locations), as well as the ambient temperature, were measured to obtain time-dependent heat information, as illustrated in Figure 1 . A data logger (Agilent Technologies, Santa Clara, CA, USA), current regulator, power meter, and timer were synchronized to acquire temperature, voltage, and resistance data for the test specimens and cable, as shown in Figure 1b . An infrared camera was used to capture the temperature contour on the top surface of the specimens, as shown in Figure 1d . The pitch-based carbon fiber manufactured by the melt-blown process used in this study is shown in Figure 1e . Table 1 lists the basic properties of this pitch-based carbon fiber. [6] . (T-300 The mortar panel specimens contained 0, 0.4, 0.5, or 0.6 wt % pitch-based carbon fibers (relative to the total weight of the cement). Admixtures of chemicals, such as slag, superplasticizer, and viscosity agents, were added to enhance the dispersion of pitch-based carbon fiber inside the mortar specimens ( Table 2) . Cube-shaped specimens were subjected to 350 cycles of freezing and thawing. Specimens were labeled as PT25, C04T25, C05T25, C06T25, etc. according to the carbon fiber weight percentage and panel thickness. Mixing was conducted via the following procedure: (1) dry mix with cement, sand, and slag for 10 min, (2) wet mix for 7 min with two-thirds of the required water and pitch-based carbon fiber, (3) wet mix for another 5 min with superplasticizer and viscosity agents, and (4) stabilize for 3 min before casting. Specimens were demolded 1 day after casting and placed into a water chamber for 27 days for curing. Ordinary Portland cement (type 1) and slag from the local area (Gwangju, Korea) was used. The mixing process was performed using a standard Hobart-like mixer (Kenwood mixer), as specified in ASTM (American Society for Testing and Materials) C 305-14. A polycarboxylic acid-based admixture was applied to enhance the flow of the carbon fiber/cement composites and to facilitate dispersion of the fiber cluster. All surfaces (except one side in the thickness direction) of the thermal test specimens were insulated using expanded polystyrene (EPS) panel to allow the inlet and outlet of the heating cable to enter at the bottom of the panel, as shown in Figure 1d . Initially, the heat at the center of the cable was controlled at 70 • C. The duration of the heating process was 6 h, and the temperature, power, and resistance were sampled every 30 s. The average power used for heating was 90 ± 6.26 W, and the average resistance was stable at 2.23 ± 0.2 ohm. We attempted to quantify changes in thermal conductivity in the mortar specimens in terms of the temperature gradient between the heat source at the bottom and the top surface, according to the power used. The temperature gradient was verified by a simple 1D transient heat transfer analysis. The in-house freeze-and-thaw experiments were carried out in the range of temperature from −24 to 15 • C under 350 cycles of environmental fatigue loading. The bond strength of pitch-based carbon fiber (CF) mortar composite is an important thin overlay as a thermally conductive mortar on the top of existing concrete pavement. After modifying the ASTM C-882 test method, a 10 mm pitch-based CF mortar thin overlay was attached to a 100 × 200 mm concrete cylinder having the slanted cross-section.
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Results
First, thermal conductivity tests were conducted without top surface insulation, as shown in Figure 2 . However, this analysis can easily be affected by fluctuations in ambient temperature. Therefore, to measure the thermal conductivity of the panels, their top surfaces were insulated using an EPS panel. Thermal conductivity k is the ability of a material to transmit heat; it is measured in watts per square meter of surface area for a temperature gradient of 1 • C per unit thickness of 1 m. Similarly, absolute thermal conductivity can be expressed as k a , defined by Equation (1). Table 3 and Figure 3 present the variations in absolute thermal conductivity according to the wt % and thickness of the composite panels. Absolute thermal conductivity was enhanced by increasing the wt % of the pitch-based carbon fiber and tended to decrease along relatively thick panels. T 0 is the bottom temperature of the panel, T 1 , T 2 , T 3 , and T 5 are the temperatures between the edge and the center of the top of the panel, and T 4 is the temperature at the center of the top of the panel. at the bottom and the top surface, according to the power used. The temperature gradient was verified by a simple 1D transient heat transfer analysis. The in-house freeze-and-thaw experiments were carried out in the range of temperature from −24 to 15 °C under 350 cycles of environmental fatigue loading. The bond strength of pitch-based carbon fiber (CF) mortar composite is an important thin overlay as a thermally conductive mortar on the top of existing concrete pavement. After modifying the ASTM C-882 test method, a 10 mm pitch-based CF mortar thin overlay was attached to a 100 × 200 mm concrete cylinder having the slanted cross-section.
First, thermal conductivity tests were conducted without top surface insulation, as shown in Figure 2 . However, this analysis can easily be affected by fluctuations in ambient temperature. Therefore, to measure the thermal conductivity of the panels, their top surfaces were insulated using an EPS panel. Thermal conductivity k is the ability of a material to transmit heat; it is measured in watts per square meter of surface area for a temperature gradient of 1 °C per unit thickness of 1 m. Similarly, absolute thermal conductivity can be expressed as ka, defined by Equation (1). Table 3 and Figure 3 present the variations in absolute thermal conductivity according to the wt % and thickness of the composite panels. Absolute thermal conductivity was enhanced by increasing the wt % of the pitch-based carbon fiber and tended to decrease along relatively thick panels. T0 is the bottom temperature of the panel, T1, T2, T3, and T5 are the temperatures between the edge and the center of the top of the panel, and T4 is the temperature at the center of the top of the panel. The 1D time-dependent heat conduction analysis was used to calibrate the heat in terms of the specific heat, convection coefficient, and conductivity of the carbon fiber-motar composite. The basic differential equation for time-dependent heat conduction [42] is as follows:
where K, M, and F are the conductivity, mass matrix, and heat source vector, respectively, defined in global coordinates, and T and T ． are the temperature and its gradient vector, respectively. Elemental conductivity, mass, and heat sources can be expressed in simple 1D space using Equation (3), where kxx is the conductivity in W/m °C, A is the area of the composite panel (0.56 × 0.56 m 2 ), Le is the element length in the thickness direction of the panel, c is the heat capacity, 1000 J/kg·°C, ρ is the density of the composite panel, 2110 kg/m 3 , h is the convection coefficient, 12~18 W/m 2 °C, P is the perimeter of the heat convection area, m, and T∞ is the ambient temperature in the laboratory.
For numerical time integration, the time-dependent temperature distribution can be solved based on Equation (2) . Equation (4) assumes that two temperature states, Ti at time ti and Ti+1 at time ti+1, are related by:
Plugging Equation (4) into Equation (2) yields Equation (5):
Equation (6) can be rearranged by eliminating the time derivative terms: The 1D time-dependent heat conduction analysis was used to calibrate the heat in terms of the specific heat, convection coefficient, and conductivity of the carbon fiber-motar composite. The basic differential equation for time-dependent heat conduction [42] is as follows:
where K, M, and F are the conductivity, mass matrix, and heat source vector, respectively, defined in global coordinates, and T and .
T are the temperature and its gradient vector, respectively. Elemental conductivity, mass, and heat sources can be expressed in simple 1D space using Equation (3), where k xx is the conductivity in W/m • C, A is the area of the composite panel (0.56 × 0.56 m 2 ), L e is the element length in the thickness direction of the panel, c is the heat capacity, 1000 J/kg· • C, ρ is the density of the composite panel, 2110 kg/m 3 , h is the convection coefficient, 12~18 W/m 2 • C, P is the perimeter of the heat convection area, m, and T ∞ is the ambient temperature in the laboratory.
For numerical time integration, the time-dependent temperature distribution can be solved based on Equation (2) . Equation (4) assumes that two temperature states, T i at time t i and T i+1 at time t i+1 , are related by:
Equation (6) can be rearranged by eliminating the time derivative terms:
Depending on the value of β, the time step ∆t may have an upper limit above which the numerical analysis is unstable. If β < 1/2, the largest ∆t for an unconditionally stable condition would be:
where λ max is the largest eigenvalue, and β = 2/3 based on the Crank-Nicolson method, which is unconditionally stable in Equation (7). This 1D transient heat transfer analysis was performed in the Matlab environment (MathWorks, Natick, MA, USA). The purpose of the analysis was to assess thermal conductivity experimentally and numerically. Figure 4 presents the results regarding transient heat transfer through panel C0.6T25 (0.6 wt %; thickness = 25 mm), and Table 4 presents the results regarding the conductivity and convective coefficient, k Matlab , and h Matlab respectively from the analyses. 
Depending on the value of β, the time step Δt may have an upper limit above which the numerical analysis is unstable. If β < 1/2, the largest Δt for an unconditionally stable condition would be:
where max λ is the largest eigenvalue, and β = 2/3 based on the Crank-Nicolson method, which is unconditionally stable in Equation (7). This 1D transient heat transfer analysis was performed in the Matlab environment (MathWorks, Natick, MA, USA). The purpose of the analysis was to assess thermal conductivity experimentally and numerically. Figure 4 presents the results regarding transient heat transfer through panel C0.6T25 (0.6 wt %; thickness = 25 mm), and Table 4 presents the results regarding the conductivity and convective coefficient, kMatlab, and hMatlab respectively from the analyses. Because a narrow convective boundary surface (0.56 m × Thk.: transverse section where the heating cable is in and out from the specimen) was used to allow the inlet and outlet of the heating cable to enter at the bottom of the panel, the change in convective coefficient h must be limited. There was good agreement between the experimental and numerical results with respect to the change in coefficient h. The heat capacity and density of the composite panel were kept constant at c = 1000 J/kg·°C and ρ = 2110 kg/m 3 , respectively. The heat capacity c value would not alter much if the temperature gradient is not abruptly changed, especially under a normal temperature range, such as 100 °C. The typical heat capacity would be in the range of 880~1000 J/kg·°C [43] . However, this would be altered with a rapid rise of temperature, such as a fire. The density of the specimen was set to 2110 kg/m 3 , and this averaged value was measured by the authors. Cube-shaped mortar specimens were prepared for freeze-thaw resistance tests. In-house freeze-thaw experiments (350 cycles) were carried out at temperatures ranging from −24 to 15 • C, as shown in Figure 5a . Static compressive strength, as shown in Figure 5b , was degraded by 9.4~18.1%. The strength was best preserved under the 0.5 wt % condition, which also yielded the best heat conduction performance. The change of specimen weight was recorded, and weight loss could be seen by the fatigue loading in Figure 5c . The specimen size for freeze-and-thaw resistance was 50 mm cube. Normally, 200~300 cycles were used for evaluating this resistance capacity [43] . Due to the malfunction of the in-house machine (controller), 350 cycles were done accidentally. Air-dried specimens were the control specimen with different wt % of fibers without freeze-and-thaw fatigue condition. The strength reduction by increasing fiber wt % should be eliminated from the overall reduction after 350 cycles of freeze-and-thaw fatigue loading. The bond strength of pitch-based carbon fiber-mortar composite, for use as a thin overlay of thermally conductive mortar on top of existing concrete pavement, is an important factor. As a modification of ASTM C-882 (Standard Test Method for Bond Strength of Epoxy-Resin Systems Used with Concrete; American Society for Testing and Materials, USA) ( Figure 6 ), a 10 mm pitch-based carbon fiber-mortar was overlaid on a 100 × 200 mm concrete cylinder with a slanted cross-section. During the compressive strength test, bond strength was measured according to the extent of the area of bond failure and the breakage load; bonding was strongest under the 0.5 wt % condition. Overall, 0.5 wt % of pitch-based carbon fiber yielded the best compressive and adhesion strength, electrical and thermal conductivity, and freeze-thaw performance. Cube-shaped mortar specimens were prepared for freeze-thaw resistance tests. In-house freezethaw experiments (350 cycles) were carried out at temperatures ranging from −24 to 15 °C, as shown in Figure 5a . Static compressive strength, as shown in Figure 5b , was degraded by 9.4~18.1%. The strength was best preserved under the 0.5 wt % condition, which also yielded the best heat conduction performance. The change of specimen weight was recorded, and weight loss could be seen by the fatigue loading in Figure 5c . The specimen size for freeze-and-thaw resistance was 50 mm cube. Normally, 200~300 cycles were used for evaluating this resistance capacity [43] . Due to the malfunction of the in-house machine (controller), 350 cycles were done accidentally. Air-dried specimens were the control specimen with different wt % of fibers without freeze-and-thaw fatigue condition. The strength reduction by increasing fiber wt % should be eliminated from the overall reduction after 350 cycles of freeze-and-thaw fatigue loading. The bond strength of pitch-based carbon fiber-mortar composite, for use as a thin overlay of thermally conductive mortar on top of existing concrete pavement, is an important factor. As a modification of ASTM C-882 (Standard Test Method for Bond Strength of Epoxy-Resin Systems Used with Concrete; American Society for Testing and Materials, USA) ( Figure 6 ), a 10 mm pitch-based carbon fiber-mortar was overlaid on a 100 × 200 mm concrete cylinder with a slanted cross-section. During the compressive strength test, bond strength was measured according to the extent of the area of bond failure and the breakage load; bonding was strongest under the 0.5 wt % condition. Overall, 0.5 wt % of pitch-based carbon fiber yielded the best compressive and adhesion strength, electrical and thermal conductivity, and freezethaw performance. 
Discussion and Conclusions
This study assessed the utility of a low-cost carbon fiber-mortar composite, produced using a melt-blown method, i.e., blowing at high pressure after melting the pitch residue following crude oil 
This study assessed the utility of a low-cost carbon fiber-mortar composite, produced using a melt-blown method, i.e., blowing at high pressure after melting the pitch residue following crude oil purification, as a thin overlay for concrete pavement. The melt-blown method is less expensive and more ecofriendly: pitch-based carbon fiber is recycled from oil industry waste, and its affordable price and mass production may lead to increase the feasibility of massive use on the civil engineering applications. However, the basic mechanical properties of this pitch-based carbon fiber, as discussed earlier in this paper, has a quite small contribution on the cement-CF composite action. Thus, we seek the functionality of pitch-based fiber to take advantage of its better thermal conductivity. This was achieved by testing a thin overlay specimen with cement-pitch-based carbon fiber composite for de-icing the concrete pavement. To this end, three main topics were selected: (1) thermal conductivity for de-icing efficiency, (2) freeze-thaw resistance against harsh environmental deterioration, and (3) adhesion performance for bonding capability between old and new layers.
The conclusions are summarized below:
(1) Thermal conductivity: The melt-blown pitch-based carbon fiber was characterized by low-strength individual fibers, but showed generally excellent thermal conductivity in tests of various mortar panels (0, 0.4, 0.5 or 0.6 wt % pitch-based carbon fiber content relative to the total weight of the cement, and thickness of 25, 40 or 60 mm). The absolute thermal conductivity tended to improve with a higher wt % of pitch-based carbon fiber in the range of 9~11 W/ • C. However, the thermal conductivity tended to be lower under the 0.6 wt % condition, possibly due to the effect of dispersion. (2) Freeze-thaw resistance: Compressive strength degradation of 50 mm cube-shaped mortar specimens following 350 freeze-thaw cycles were measured at 91%, 89%, and 82% for the 0.4, 0.5, and 0.6 wt % samples, respectively, relative to the control specimen (0 wt %). Thus, all specimens had a strength of 80% or more after 350 cycles relative to the control specimen. (3) Adhesion performance: the adhesion performance of new and old concrete surfaces was tested.
Concrete cylinders (100 mm × 200 mm; thickness = 10 mm) were cut at an angle of 46 degrees, and the pitch-based carbon fiber-mortar composite was used to bond the various sections. The bond strength of the test specimens was more than twice that of the reference specimen, although, at 0.6 wt %, the bond strength began to decline.
